Background: A norovirus maintains its viability, infectivity and virulence by its ability to replicate. However, the biological mechanisms of the process remain to be explored. In this work, the NanoLuc™ Luciferase gene was used to develop a reporter-tagged replicon system to study norovirus replication.
reporter genes to study viruses with the main interest being the replication mechanisms as these are the key determinants of virulence and infectivity. Previous reporter-tagged replicon systems developed to study multiple viruses include Renilla Luciferase, Firefly Luciferase, mCherry-tagged replicon system and others (21, 22) . In this study, we developed a NanoLuc TM Luciferase-tagged replicon system specifically to study MNV-1. Many aspects of viral replication and translation were considered when designing the replicon system to achieve functionality and examine translational effectiveness in accordance with the biological mechanism that takes place in the virus during the characterisation process.
Material and Methods
This study consisted of two major parts. The first part focused on the designing and construction of an MNV-1 based NanoLuc TM Luciferase-tagged replicon, whereas the second part had to do with the cloning of the constructed reporter gene into MNV-1 cDNA clones. The clones used were pT7: MNV 3'Rz i.e., they were readily available in three backbone structures: (1) the wild-type (wt), (2) the NS7 frameshift mutant (F/S) and (3) the NS7 active site mutant (ΔNS7). The wt plasmid served as a replicationcompetent cDNA clone, of which the F/S and the ΔNS7 plasmids were derived with mutations in the NS7 region of MNV-1 genome that encodes a viral RNA replicative enzyme. The derivative plasmids served as replication-deficient cDNA clones. All of the MNV-1 cDNA clones were supplied free-of-charge by the Ian Goodfellow's Laboratory at the University of Cambridge, UK.
Construction of NanoLuc™ LuciferaseTagged Replicon of MNV-1

Designing primers for polymerase chain reaction (PCR)
Forward and reverse primers were designed and used in three PCR and two overlappingextension PCR (OE-PCR) amplification reactions ( Table 1 ). All primers were purchased from First BASE Sdn Bhd, Malaysia. A partial sequence of the NanoLuc TM Luciferase (secNluc) gene was introduced to the primers (underlined) as described in Table 1 . A forward primer, 5052F, and A reverse primer, AY1, were used in the first PCR reactions. These primers were later substituted with AY2 and AY3, respectively, in the second PCR amplification. As to the
Introduction
Human norovirus (HuNV) is one of the leading causes of non-bacterial acute gastroenteritis worldwide and is responsible for a large number of epidemics annually (1) . From a biological stand point, HuNVs are members of the Caliciviridae family i.e., they are structurally small viruses with a positive-sense RNA genome (2) . The clinical manifestations of HuNV infection include acute and rapidonset diarrhea, nausea, vomiting, headache, fever, anorexia and malaise. Aside from these classical symptoms, the infection can lead to severe clinical outcomes, such as necrotising enterocolitis, seizures in infants, encephalopathy, pneumatosis intestinalis and disseminated intravascular coagulation (3) (4) (5) (6) (7) (8) (9) . In a hospital setting, HuNV risk group comprises of patients with underlying conditions like cardiovascular diseases, patients with a kidney transplant, and cancer patients under immunosuppressive therapy (10) (11) (12) . Despite its high prevalence, many of the biological functions and properties of HuNV are not properly understood due to the lack of an efficient cell culture system or a smallanimal model that may be used to study human norovirus (13) . However, in 2003, a model based on mouse norovirus, namely murine norovirus (MNV), was introduced as a useful system to study noroviruses' biology and pathogenesis as MNV is able to replicate in cell culture and in small animals (13, 14) .
From a molecular perspective, MNV shares many genetic and biochemical properties with human norovirus in terms of size, shape and buoyant density (15) . HuNV has three open reading frames (ORF 1-3), whereas MNV contains four open reading frames (ORF 1-4). ORF1 encodes a large polyprotein which are coand post-translationally cleaved into six mature non-structural proteins, including a RNAdependent RNA polymerase (RdRp). Moreover, ORF2 encodes a major capsid protein (VP1); and ORF3 encodes a minor capsid protein (VP2) (16) . The recently discovered ORF4 in MNV encodes virulence factor 1 (VF1) (17) . Besides, in all noroviruses, the viral protein genomelinked (VPg) is attached at the 5' end, while the polyadenosine (poly-A) sequence is at the 3' end. All of these structural properties are vital for noroviruses translation, replication and pathogenesis (17) (18) (19) (20) .
A large number of replicon systems have been developed in the past with different VP1-secNluc-2A-VP2-Nhe1 (Figure 1 ). This final DNA amplicon was subjected to agarose gel purification for further use in the cloning process.
Cloning of NanoLuc™ Luciferase gene into MNV-1 cDNA Clone
Restriction enzyme reaction
All plasmids (MNV-1 cDNA clones; wt, F/S and ΔNS7) and inserts (purified DNA amplicons of the second OE-PCR) were subjected to restriction enzyme reactions utilising SacII and NheI according to the manufacturer's protocol (NEB, USA). The reaction mixtures were incubated at 37 °C for 2 hours. Next, agarose gel electrophoresis was performed to produce a purified 3' and 5' overhang insert and vectors for ligation reactions.
Ligation reaction
Ligation reaction mixtures were set up by mixing a linearised vector and insert with a ligation enzyme and buffers according to the manufacturer's instructions (NEB ligation kit, MA, USA). The mixtures were then incubated at room temperature for 15 minutes before being transformed into competent bacterial cells.
Transformation and positive colony screening
Transformations were performed by mixing 5 µL of each of the ligation mixtures with competent E. coli cells (DH5alpha). This was followed by shaking and incubating the mixtures at 37 °C for 45 minutes. The transformants were then plated on Luria Bertani (LB) agar plates containing 100 µg/mL ampicillin. The plates third PCR amplification reaction, AY4 and AY5 were used as the forward and reverse primers, respectively; and the Nhe1 restriction site was included (bold). The first OE-PCR utilised the 5052F and AY3 primers with the templates being a combination of the first and the second PCR amplification products. The resulting amplicon was then overlapped with the third PCR amplification product as the second OE-PCR employed the 5052F and AY5 primers to generate the full short strand of DNA.
Polymerase chain reaction (PCR)
Two PCR amplifications were carried out with the reaction mixture totaling 100 µL using the Q5 Hot Start High Fidelity DNA Polymerase according to the manufacture's instructions (New England Biolabs, MA, USA). In the first reaction, the DNA template used was the wt MNV-1 cDNA clone (pT7: MNV 3'Rz), whereas in the second reaction, it was a pNL1.3 plasmid that contained the NanoLuc TM Luciferase gene (Promega Pte. Ltd., WI, USA). The first OE-PCR was performed using the high fidelity enzyme KOD Hot Start DNA polymerase according to the manufacture's instruction (Merck, USA). The DNA templates in the first OE-PCR were purified DNA amplicons from the first and second PCR reactions. The third PCR was carried out utilising the pNL1.3 as a template. The second OE-PCR was performed employing the purified overlapping DNA amplicons (the first OE-PCR DNA amplicon and the third PCR DNA amplicon). All the above mentioned processes are simplified in Figure 1 . The second OE-PCR produced a full short DNA strand covering the DNA sequence of the C-terminal purified plasmids were subjected to restriction enzyme analysis; and the concentration of each plasmid was estimated using a Nanodrop Spectrophotometer 2000 (Thermo, USA). Lastly, the plasmids were sent to a DNA sequencing service.
Result and Discussion
Construction of NanoLuc™ LuciferaseTagged Replicon of MNV-1
As described in the methodology section regarding the construction of the replicon, a series of five PCR reactions were successfully were incubated overnight at 37 °C; and positive clones were then screened using colony PCR before being subjecting to bacterial culture propagation to achieve plasmid DNA extraction and purification.
Large scale production of plasmid DNA
Positive colonies with inserts of every backbone of MNV-1 cDNA clones were selected for large-scale bacterial production. Plasmid DNA extraction and purification utilising midi preparation kit was performed for each of the bacterial cultures from the positive colonies according to the manufacturer's instructions (Promega, USA). To verify the inserts, all the Figure 1 . Schematic diagram illustrating the series of PCR reactions involved in the design and construction of the NanoLuc TM Luciferase-tagged replicon of MNV-1. The first PCR reaction employed 5052F and AY1 as the forward and reverse primers, respectively, and the MNV-1 cDNA clone (pT7: MNV 3'Rz) as a template. To amplify the secNluc gene from pNL1.3, the second PCR reaction utilised AY2 and AY3 as the forward and reverse primers, respectively. The third PCR reaction utilised the MNV-1 cDNA clone as the template and AY4 and AY5 as the forward and reverse primers, respectively. The first OE-PCR reaction used the purified DNA amplicons from the first and second PCR reactions as templates with 5052F being the forward primer and AY3 being the reverse primer. Finally, the second OE-PCR reaction used the purified DNA amplicons from the first OE-PCR reaction and the purified DNA amplicons from the third PCR reaction as templates, with 5052F and AY5 being the forward and reverse primers, respectively. Consequently, a full short DNA strand was produced covering the DNA sequence of the C-terminal VP1 of MNV-1 followed by MNV-1 secNluc, FMDV2A and VP2, and the Nhe1 restriction site carried out, including two OE-PCR reactions. The final product was obtained from the second OE-PCR reaction with the amplicon size being 3017 base pairs (bp) (Figure 2 ). The main purpose of OE-PCR was to introduce the NanoLuc TM Luciferase gene and FMDV-2A sequences between the VP1 and VP2-encoded genes at the cDNA clone representing MNV-1 genome (Figure 3) . This region, which falls into the subgenomic RNA (SgRNA) region of MNV-1 full genome was strategically targeted because it plays a role in MNV-1 replication. During viral RNA replication, MNV-1 subgenomic RNA (SgRNA) was synthesised in abundance compared to its full-length RNA genome at a later stage of viral RNA replication. This observation was typically used as a signal for successful MNV-1 replication in the infected cells. Another reason for such a construction strategy was the connection with viral SgRNA translational strategy, which employs a termination-initiation mechanism that causes the separation of translated VP1 and NanoLuc TM Luciferase proteins (2, 23) . Perhaps, in this case, the resulting reporter-tagged cDNA was able to produce MNV-1 viral particles through an inherent viral recovery system.
Due to some unique characteristics as compared with other well-established typical reporter genes like Renilla Luciferase, Firefly Luciferase, Green Fluorescent Protein (GFP) and mCherry, the NanoLuc replication in vitro. Conversely, a Renilla-tagged replicon system would have necessitated the lysis of the transfected mammalian cells to collect the reporter protein (non-secreted protein) needed for luciferase testing (21) . In the construction stage, the FMDV-2A sequence was inserted between the secNluc gene and the VP2 region. The FMDV-2A sequence is widely used in literature to produce two proteins from a single RNA. In this study, NanoLuc TM Luciferase and VP2 genes were co-translated and concurrently cleaved in a 2A cleavage mechanism to release the VP2 protein from NanoLuc TM Luciferase. The separation of the translated NanoLuc TM Luciferase and VP2 proteins occurred by way of ester-linkage hydrolysis of glycine and proline monomers at the C-terminal of the amino acids encoded by FMDV-2A, leaving proline as the first amino acid residue at the N-terminal of VP2. Therefore, in our replicon construct, the translational products of SgRNA comprised of VP1, NanoLuc TM Luciferase-2A and VP2 proteins, with NanoLuc TM Luciferase being secreted out from the host cells (Figure 4) (27, 28) .
Cloning of NanoLuc™ Luciferase Gene into MNV-1 cDNA Clone
The cloning process began with restriction enzyme reactions (SacII and NheI) involving an insert (purified amplicon from the second OEgene was deemed more favorable for our MNV-1 replicon system. One of these unique characteristics was the relatively small gene size of NanoLuc TM Luciferase (597 bp). The insertion of big exogenous sequences into a viral genome is known to hinder viral replication. Furthermore, it may become a major limiting factor contributing to the loss of the function of the reporter gene after multiple rounds of replication during the infection phase. This is due to the generally small genome size of viruses (22, 24) . In our experiment, the NanoLuc TM Luciferase reporter protein was also deemed more advantageous as it had been shown to offer superior luminescence in luciferase assays, resulting in higher detection sensitivity when observing MNV-1 replication, particularly during the characterisation stage (25, 26) .
Another advantage of employing the NanoLuc TM Luciferase gene for the construction of our reporter-tagged replicon cDNA is that the resulting translated protein was to be expressed as a secreted protein through the secretion signal, interleukin-6 (IL6). In this respect, the mammalian cells transfected with the reportertagged cDNA did not need to be lysed to perform luciferase assays; and the cell culture media could be sampled straight away to enable luciferase detection. This mechanism provided a high-throughput platform to observe MNV-1 Figure 4 . A schematic diagram of protein processing. The release of NanoLuc TM Luciferase proteins from VP1 is achieved using a ribosome-based termination-initiation mechanism at the overlapping region of VP1 stop codon (UGA) and secNluc start codon (AUG). The release of NanoLuc TM Luciferase from VP2, however, occurs in a 2A cleavage mechanism at the C-terminal of the amino acid sequences of NanoLuc TM Luciferase-2A, which involves the hydrolysis of ester linkages between glycine and proline. The translation of this multicistronic SgRNA produces three proteins as follows: VP1, NanoLuc TM Luciferase-2A and VP2 restriction enzyme (SacII and NheI) reactions to release inserts of the correct size (2292 bp) ( Figure 6 ). Finally, the large-scale preparation of each plasmid resulted in a high yield of pure cDNA clones as determined using Nanodrop Spectrophotometer 2000 (Table 2 ). DNA sequencing revealed that all insertions were in the correct order (data not shown).
Three mutant plasmid backbones of the MNV-1 cDNA clone were used in this study as follows: (1) wild-wt, (2) F/S and (3) ΔNS7. The plasmids with F/S and ΔNS7 mutants were derived from the same parental wt MNV-1 cDNA backbone (pT7: MNV 3'Rz). The wt MNV-1 cDNA backbone carried out the full-length viral genome wt sequence from the prototype virus (MNV-1 PCR reaction) and vectors (MNV-1 cDNA clones; wt, F/S and ΔNS7). As analysed using agarose gel electrophoresis, the complete plasmid reactions produced two distinct DNA bands with the size of 2292 and 10168 bp, whereas the complete insert reaction produced the expected DNA band with the size of 2292 bp ( Figure 5A and Figure 5B ). DNA bands with the size of 10168 bp (vectors) and 2292 bp (inserts) were subjected to gel purification and used in ligation reactions. This was followed by cells transformation into competent bacterial cells; positive clones screening; and large-scale production of each cloned plasmid. Confirmation of clones was carried out using restriction enzyme analysis. The purified plasmids were subjected to
Conclusion
This work successfully produced a reportertagged replicon system suitable for MNV-1 in vitro replication research, with the NanoLuc™ Luciferase gene serving as the reporter gene. Due to the unique and elegant features of this reporter gene, the produced reportertagged cDNA clones may potentially provide a robust experimental assay to study viral RNA replication in vitro. The results of the present study warrant further characterisation of reporter gene translational effectiveness with relation to the three different backbones of MNV-1 cDNA clones. The newly developed reportertagged replicon system can potentially provide an efficient tool for researchers to investigate different aspects of norovirus replication.
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